The genus Plethodon is the most species rich salamander genus in North America, and nearly half of its species face an uncertain future. It is also one of the most diverse families in terms of genome sizes, which range from 1C = 18.2 pg to 69.3 pg, or 5-20 times larger than the human genome. Large genome size in salamanders results in part from accumulation of transposable elements and is associated with various developmental and physiological traits.
Introduction
In most non-amphibian tetrapod families, genome sizes (haploid nuclear DNA content) tend to be fairly stable, varying up to 5 pg [1 pg = 0.978 gigabases (Gb)] among species (Gregory 2016) . However, amphibians show much larger variation in genome size within families: up to a 12 pg difference within frog families and up to 96 pg within families within salamanders (Gregory 2016) . The exceptionally wide variation within salamander families suggests that major genome size changes have occurred independently among lineages (Jockusch 1997) .
Plethodontidae is the most species rich salamander family, with 451 species in 28 genera (AmphibiaWeb 2016) . Among salamander families, Plethodontidae also has the widest range of genome sizes (Herrick and Sclavi 2014) . Genome size in salamanders is related to chromosome size, not chromosome number (Sessions 2008) . In Plethodontidae, Batrachoseps and the neotropical genera have 2n=26 chromosomes; all other genera have 2n=28 chromosomes (Leon and Kezer 1978) . The genomes of plethodontid salamanders contain much larger quantities of transposable elements (TEs) than are found in most other vertebrate clades, but within Plethodontidae, TE content does not appear to be correlated with genome size (Sun et al. 2012 ).
This suggests that factors in addition to TE proliferation more strongly drive genome size evolution within the family Plethodontidae.
Genome size data play a critical role in designing effective laboratory methods of modern DNA sequence data collection methods for phylogenetic and phylogeographic studies. Large genome sizes limit the efficiency of genomic preparation techniques for next-generation sequencing data sets (Hodges et al. 2009; McCartney-Melstad et al. 2016) , as well as subsequent assembly of highly repetitive sequences. Established laboratory protocols have been successfully D r a f t 4 used with salamanders with genome sizes below average for the order (though still large relative to non-salamander tetrapods) (Newman and Austin, in press ). However, even those species yielded sequence data with lower read depth and percentage of on-target reads than comparable studies with other vertebrates, suggesting that species with even larger genomes may present additional challenges. Study design therefore depends on the genome size(s) of the species of interest. Unfortunately, of the 686 salamander species (AmphibiaWeb 2016), only 179 species (26%) have published empirical genome size data (Gregory 2016 ).
Because of the wide variation in genome size, plethodontid salamanders in particular would benefit from a thorough phylogenetic and genome range assessment. The genus Plethodon is the most species rich and ecologically diverse salamander genus in North America, with 55 species. The backbone phylogeny of the major lineages of Plethodon is well-established (Highton and Larson 1979; Highton 1995) , but some relationships among closely related species remain unresolved (Fisher-Reid and Wiens 2011; Highton et al. 2012 ). In addition, extreme morphological stasis within Plethodon likely masks identification of cryptic species (Highton 1995 , Mueller et al. 2004 Wake 2009 , Highton et al. 2012 Pelletier et al. 2015) . Plethodon is thus an interesting and species rich lineage for phylogeographic and species delimitation research. Nonetheless, mitochondrial genes have been shown to be sometimes misleading in Plethodon (Fisher-Reid and Wiens 2011), and low numbers of nuclear loci are sometimes not sufficient to fully resolve relationships (e.g., Newman & Austin 2015) . Therefore, multilocus genetic data sets with hundreds to thousands of loci are often required, necessitating knowledge of genome size to choose appropriate techniques. However, only 14 of 55 Plethodon species have estimated genome sizes (Gregory 2016) .
Here, we estimate the genome size for P. serratus as part of an ongoing phylogeographic study of the species (Newman and Austin 2015) . We incorporate our data with available genome size and genetic sequence data to reconstruct the evolutionary history of genome size in plethodontid salamanders under a maximum-likelihood (ML) framework and infer likely genome sizes for extant species that currently lack empirical estimates.
Materials and Methods

Genome size
Haploid genome size (1C-value) data for 14 Plethodon species and outgroup species E. Bachmann (1970) are substantially larger than values reported for the same species in more recent studies (Olmo 1973 (Olmo , 1974 Mizuno and Macgregor 1974; Hally et al. 1986; Sessions and Larson 1987; Licht and Lowcock 1991) . This is potentially due to the use of a higher than usual genome size for Rana pipiens as a reference to convert relative values to absolute (Olmo 1974) . However, because estimates of genome size do vary within species, we chose to incorporate but minimize the bias, rather than exclude the unusually high data points.
Results from the same analyses using mean instead of median genome sizes were not qualitatively different (data not shown). Genome size was estimated for P. serratus using the Feulgen Image Analysis Densitometry (FIAD) method described in detail by Hardie et al. (2002) . Air-dried blood smears were post-fixed overnight in 85:10:5 methanol : formalin : glacial acetic acid, rinsed in running tap water, and then hydrolyzed in 5N HCl for 2 hours, followed by staining in freshly-prepared Schiff reagent for 2 hours. The slides were passed through a series of metabisulfite and distilled water rinses before being dried and stored in the dark until analysis. Genome size was estimated by using the Bioquant Life Science image analysis package along with a Leica DM2500 microscope using a 63x oil-immersion lens connected to a Retiga EXi digital camera. Integrated optical densities (IODs) were measured for at least 50 nuclei per specimen and converted to absolute genome size by comparison with nuclei of the salamander Ambystoma jeffersonianum (1C = 28.8 pg; Licht and Lowcock 1991). Chicken and rainbow trout blood were also included as internal checks of the Feulgen staining.
Phylogenetic analysis
D r a f t
Genetic sequence data from several previously published studies (Wiens et al. 2006; Vieites et al. 2007; Bonett et al. 2009; Fisher-Reid and Wiens 2011; Martin et al. 2015) were downloaded from GenBank (Benson et al. 2013) http://www.ncbi.nlm.nih.gov/genbank, retrieved 19 Feb. 2016 for 55 species in the family Plethodontidae, including 50 Plethodon species (Table S2 ). The concatenated alignment contained a total of 4,057 bp and included the following nuclear loci: BDNF (707 bp), GAPD (644 bp), ILF3 (281 bp), Mlc2a (253 bp), POMC (481 bp), RAG-1 (1,467 bp) and RHO (224 bp). For each locus, sequences were aligned in Geneious v.6.0.5 using the ClustalW algorithm. We generated two data sets for downstream analyses: one including all species, and another including only species with empirical genome size data.
Intentionally, our genetic data set overlapped almost entirely with the nuclear-only data set in Fisher-Reid & Wiens (2011) , the most recent multilocus plethodontid phylogenetic study with extensive taxon sampling within Plethodon. We thus implemented the same partitioning scheme, models of nucleotide evolution, and software settings described in the previous paper to generate a phylogeny under a Bayesian framework in MrBayes v.3.2.6 (Ronquist et al. 2012 ).
We conducted two MCMC runs of 6 million generations, sampling every 1000 generations.
Convergence was assessed in Tracer v.1.6 (Rambaut and Drummond 2007) by ensuring effective sample sizes (ESSs) > 200. The first 10% of samples were discarded as burn-in.
Ancestral character reconstruction
Genome sizes of ancestral nodes (most recent common ancestor, MRCA) were estimated in a likelihood framework under a Brownian motion model using the phytools package v.0.5.20 (Revell 2012) (Fig. S1 ). The sister relationship of the P. cinereus group to the remainder of eastern Plethodon is also strongly supported. This topology is congruent with the previous study that used the same genetic data and analyses (Fisher-Reid and Wiens 2011).
The genome size of the MRCA of all Plethodon was estimated to be 33.82 pg ( for extant species estimated from empirical data sets including and omitting P. serratus were highly similar (Table 3) .
Discussion
Salamanders of the genus Plethodon appear to have undergone multiple contractions and expansions of genome size. Consistent with previous studies (Sessions and Larson 1987; Kraaijeveld 2010) , our results suggest a genome size contraction preceding or concurrent with diversification of the eastern species. Some researchers (Kraaijeveld 2010; Herrick and Sclavi 2014) have used this result as an example of an evolutionary radiation following a reduction in genome size. However, Kozak et al. (2006) found that only the P. glutinosus group underwent a rapid radiation that produced a significantly higher number of extant lineages than expected. Our ACR analysis reconstructed a genome size expansion along the lineage leading to the P. D r a f t glutinosus group, suggesting that an expansion, rather than a reduction, in genome size is associated with the only radiation within Plethodon. On a broader phylogenetic scale, the family Plethodontidae has some of the smallest genome sizes of all salamanders and also the highest number of species, suggesting a negative correlation between genome size and speciation rate (Herrick and Sclavi 2014) . However, our data of the genus Plethodon suggest a more complex relationship between genome size and speciation at this finer scale. (Gregory 2002 ) and developmental constraints (Sessions and Larson 1987; Jockusch 1997 ). In addition, it has been proposed that smaller genome size is associated with younger lineages in salamanders, both among families and among genera within a family (Herrick and Sclavi 2014) . Our results did not show this pattern for clades within the genus Plethodon. Species in the P. cinereus group have smaller genome sizes than species in the P. glutinosus group, yet the P. glutinosus group is younger (Martin et al. 2015) . Further exploration of the potential factors underlying genome size variation in Plethodon is beyond the scope of this study.
We also highlight the need for a broad examination of genome size in Plethodon through collection of additional empirical genome size data. Of the 55 recognized species of Plethodon, empirical data are now currently available for only 15 species, or 28%. Furthermore, of the available data, only two data points were obtained in the past 15 years: one P. cinereus estimate D r a f t (Mueller et al. 2008) and P. serratus (this study). All other Plethodon genome size data were collected between 1968-1998, using several different methods. While any substantial deviation from the estimated values in our study would be unexpected, it is difficult to assess the biological significance of the variation in genome sizes among the eastern Plethodon groups without more complete information about intra-group variation among species. In addition, our empirical data for P. serratus show that even within a single population of a species, genome size estimates can Our results reveal variation in the direction of genome size evolution among lineages within Plethodon. In particular, the genome size expansion at the base of the P. glutinosus group suggests that caution is needed when ascribing a particular pattern of evolution to higher-level clades. We also highlight the interdependence between studies of genome size evolution and the fields of phylogeography and population genetics. The new genome size estimates presented here will facilitate much-needed phylogeographic and population genetic studies of this system, and new information on patterns of genome size evolution in Plethodon will contribute to exploration of factors underlying large genomes.
The most species rich plethodontid genus, Plethodon, is also highly threatened. Otherwise, posterior probability is noted. 
